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Introduction
Electroless copper plating is a widely used industrial technique for metallization of insulating substrates such as plastics, glass and ceramics, due to its relatively low cost, established infra-structure and potential for high volume production [1, 2] . Electroless copper is an autocatalytic redox process in which cupric ions (Cu 2+ ) are chemically reduced at catalytic surface sites in the absence of any external current source to copper metal (Cu 0 ) [3, 4] . The metallization of glass is of importance due to its use in electronic applications as a substrate material because of its excellent dimensional stability, close match of thermal expansion to silicon and its transparent property. For example, it has been reported that electroless deposition of Cu on to a glass surface has been investigated for the application of transistor gates for liquid crystal displays [5] and double sided buried contact solar cells [6] .
The critical prerequisite for initiating electroless copper deposition on glass substrates is the presence of an appropriate catalytic surface on which to deposit. Glass substrate surfaces are not inherently catalytic and must be activated prior to electroless plating. Pd based catalysts are often used for the electroless metallisation of dielectric materials, and produce a seed layer of palladium on the surface that activates the electroless deposition quickly [7] . A widely used Pd catalyst is based on a combination of Sn and Pd chemistry for which there are two main process routes: a two-step process which uses successive dilute solutions of SnCl 2 then PdCl 2 [8, 9] ; and a one-step process which uses a mixed SnCl 2 -PdCl 2 colloidal solution [8, 10, 11] . The most extensively used system is the one step, so-called Pd/Sn mixed catalyst (also called PdSn or Pd-Sn).
The Pd/Sn catalysts are prepared by mixing PdCl 2 , with a large excess of SnCl 2 , in HCl solutions [12] . This produces a solution containing palladium particles surrounded by a tin(IV) shell through the reduction of Pd 2+ ions to Pd 0 by SnCl 2 via the following redox reaction:
Pd Sn Pd Sn
Tin not only acts as the reducing agent for Pd ions, it is also claimed to stabilize the small Pd nuclei once they form via strong Sn 4+ adsorption [13] . However, excess ionic tin on the surface of the particles can be detrimental to the electroless plating process. After deposition of the catalyst particles on the surface, the tin shell is usually removed through an acceleration step that exposes the palladium making the catalyst active for initiation of the plating reaction. The acceleration step is often carried out in a separate bath, but if a self-accelerating electroless solution is employed, this separate step is not required as the tin species can be removed in the electroless bath itself [14] . Apart from Pd based catalysts, other noble metal catalysts, such as colloids or nanoparticles of Ag [15] and Au [16] , have been used in electroless deposition, but are much less popular.
The technology of Pd/Sn catalysts for electroless deposition has evolved over the years with the aim to achieve uniform catalysis of a range of substrates with good distribution, but it is rare to see detail of research on the Pd/Sn catalytic structure evolution on glass substrates. The motivation for the present research was the understanding of the deposition of electroless copper (and nickel) on glass substrates to form conductive tracks and pads for electrical and optical interconnect [14] . Issues were identified with the adhesion between the electroless coating and the smooth glass surface that were found to be dependent on the catalyst treatment conditions and electroless coating thickness. A study of the catalyst deposition on the glass surface was therefore carried out to understand how the surface composition and structure evolves. As the attachment of the Pd/Sn to the substrate is also critical, it is usual to apply a pre-treatment to the glass to encourage the adhesion of the catalyst particles to the smooth glass surface [5, 17] and in this work, a layer of (3-aminopropyl) trimethoxysilane molecules was used. X-ray photoelectron spectroscopy (XPS), XPS measurements were carried out using a VG ESCALAB spectrometer equipped with a hemispherical electron analyser and Al Kα X-ray source (1486.6 eV photons). The X-ray source was run at a power of 160 W (20 kV and 8 mA). The samples were mounted on the sample stubs by means of double-sided adhesive tape. The core-level spectra were obtained at the photoelectron take-off angle with respect to the sample surface of 90°.
The pressure in the analysis chamber was maintained at 5×10 -7 Torr or lower during each measurement. To compensate for surface charging effects, the binding energies (B.E.) were referenced to the C 1s (284.9 eV) standard and peak positions should therefore be considered as ±0.1eV. 8 The hemispherical analyser was operated with the A4 slit and the survey scan spectra shown here were collected from 0 eV to 1100 eV using a pass energy of 85 eV and dwell time of 20 ms, and the core line spectra were recorded using a pass energy of 25 eV and dwell time of 50 ms.
Both B.E. values and peak areas of the individual core line spectra were computed by fitting the curves using XPSPEAK41 software, with the full width at half-maximum (FWHM) and Lorentzian-Gaussian ratio of peaks maintained constant for all components in a particular spectrum. Surface atomic ratios were calculated from the peak areas normalised by relative atomic sensitivity factors from survey scans.
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
A ToF-SIMS IV instrument (ION-ToF GmbH, Münster, Germany) fitted with a Bi 3+ primary ion beam source was used to investigate the surface and operated with a pulsed target current of ~1 pA and an ion beam energy of 25 keV. The primary ion source was operated with a pulse width of 19.5 ns and a repetition rate of 5 kHz. Samples were prepared not more than 24 hours before measurement. Negative spectra and positive spectra were acquired on three points with an area of 500 µm × 500 µm on every sample, keeping the primary ion dose below 1 x 10 12 ions/cm 2 in order to ensure the experiment was run within the static limit. 9 
Scanning Electron Microscopy (SEM)
A LEO 1530 VP Field Emission Gun SEM operated at 5 kV and 30 pA was used to aid in qualitative analysis of surface microstructure and morphology.
3. Results and discussion
Glass Activation Using a Self-assembled Monolayer
The glass surface was initially cleaned and then immersed in the APTS solution to form a self-assembled monolayer (SAM). The APTS
which is expected to couple to the glass surface, enabling the methylene chains (-(CH 2 ) 3 -) to pack together, thereby exposing the tail group (-NH 2 )
at the surface. It is these tail group species that are intended to interact with the Pd/Sn catalyst particles [18] . The surface composition was investigated using XPS in order to understand the interaction between the glass substrates and the APTS molecules that were used to form the SAM. The Pd spectra present a doublet corresponding to Pd 3d 5/2 and Pd 3d 3/2 with a binding energy difference of about 5.3 eV as suggested by [11, 19] .
The Pd spectra for 30 s and 2 min (a and b) could be fitted with two spinorbit-split doublets with the first peak located at 335.4 eV and the second peak located at 337.5 eV, while Pd spectrum (c) only presented one doublet with the main peak at 335.4 eV. The doublet with the Pd 3d 5/2 peak in (a, b) lying at 337.5 eV is attributed to Pd(II) and the other peak at 335.4 eV is attributed to Pd(0) [11] . It was seen that Pd(0) became more significant in the catalytic layer than Pd(II) with increasing immersion time from 0.5 min to 2 min. All the Pd(II) was transferred to Pd(0) after 8 min immersion in the catalyst solution. The Pd(II) peak, located at 337.5 eV, is thought to be due to some PdCl 2 from the solution [11] or Pd-N bonding [18] .
The corresponding Sn 3d XPS spectra, shown on the right side of Figure   3 , present doublets of Sn 3d 5/2 and Sn 3d 3/2 peaks with 8.5 eV binding energy difference. Sn spectra could be fitted with two spin-orbit split doublets. The main Sn 3d 5/2 doublet peak at 486.5 to 486.4 eV can be attributed to Sn(II) or Sn(IV), which are difficult to assign due to their similar binding energy values [9] ; however, considering the catalyst mechanism, it was thought to be mostly Sn(IV). The weak doublet where the Sn 3d 5/2 peak lies at 484.6 eV is thought to be representative of metallic tin, Sn(0). Table 1 Positive and negative secondary ion SIMS spectra were obtained from the glass surface subjected to immersion in the catalyst solution for different periods of time. Figure 5 shows the spectra from the sample immersed for 2 min. In the positive spectrum a number of peaks at m/z <100 were identified and corresponded to the hydrocarbon fragments C y H x , as shown in Figure 5a . More SIMS analysis was carried out on catalytic surfaces with different immersion time, the species appearing on the surface were the same but there were differences in intensity of the peaks. indicates that the exposed tail group (-NH 2 ) of the SAM surface interacts with both Pd and Sn species. In addition, the SIMS spectra showed that the Sn(IV) observed in the XPS spectra was most likely present as SnO 2 , rather than the great amount of SnCl 4 that was detected by Shukla et al [9] or SnCl 2 and Sn(OH) 2 suggested by Nicolas-Debarnot et al [11] . These results are very consistent with the conclusion arrived at by Osaka et al that SnO 2 probably occurs as SnO 2 ·2H 2 O forming an Sn(OH) 4 colloidal sheath, which is considered to cover the catalytic sites [10] .
An intriguing feature of the XPS results was the apparent change in oxidation state of the Pd as a function of immersion time. As the solution had been prepared and stored for many months, changes in the condition of the colloids on the surface occurring over time periods of minutes seemed unlikely. The accepted model of the Pd/Sn colloid particles is of a Pd metallic core surrounded by a shell of Sn 4+ ions. The data in Table 1 was further evaluated to determine the ratios of Pd (0) 
Electroless Copper Deposition
As described above, the electroless copper solution to be used was a self- presented by Zabetakis et.al. [7] .
Following the previous activation steps, the catalytic samples were immersed into the electroless copper bath for 5 min. An electroless copper film was successfully deposited on the glass surfaces for each of the three catalyst immersion times. However, it was found that the adhesion of the copper coating varied according to catalyst treatment time.
Using tape peel testing it was observed that the 2 min catalyst treatment offered the best adhesion, although this was limited, as when the thickness of the coating increased above 230 nm it could still be easily peeled away. This observation can be considered in terms of the model, presented in Figure 7 : for short period (30 sec) catalyst treatment, the coverage of catalyst particles was not sufficient so that Cu particles were not able to adhere across all areas, providing limited points of contact resulting in poor adhesion. It might be expected that the 8 min catalyst treated surface would be more suitable to copper deposition, due to greater coverage of catalyst particles. However, for a long time catalyst treatment, the higher concentration of Pd is thought to result in more rapid reaction in the initial period in the electroless Cu bath leading to high levels of hydrogen bubbles and internal coating stress. Another possible reason is that with excess catalyst present, the Sn coating on the particles could not be as effectively removed before Cu plating started.
Conclusion
The catalytic surface composition plays an important role in electroless deposition on a glass substrate. The evolution of the catalyst structure on the surface of APTS coated glass as a function of immersion time was investigated by XPS and ToF-SIMS. These results indicated a change in the composition and surface coverage of the Pd and Sn species with time and a model was developed to explain the observed results. It is thought that for short exposure times that the surface is only partially covered with catalyst particles and that the remaining area has adsorbed Pd and Sn ions attached thereby giving XPS peaks for Pd(0) and Pd(II) species.
With increasing immersion time, these adsorbed ions are displaced / covered over by additional catalyst particles, such that they are no longer detectable in XPS and the Pd spectra show only peaks due to Pd(0). The effect of catalyst immersion time on the electroless Cu deposition was also investigated and it was found that a catalytic surface with an excess or small number of activation sites was not beneficial for electroless Cu deposits with good surface morphology and adhesion. A surface covered with a more uniform layer of catalyst particles gave the best adhesion of the Cu coating, but was still limited by the thickness of copper deposited. 
